This paper provides an overview of the important physical phenomena necessary for the determination of effective thermal conductivity of nanofluids. Through an investigation, a large degree of randomness and scatter has been observed in the experimental data published in the open literature. Given the inconsistency in the data, it is impossible to develop a comprehensive physical-based model that can predict all the trends. This also points out the need for a systematic approach in both experimental and theoretical studies.
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INTRODUCTION
The significant growth in performance and functionality of microelectronics combined with a miniaturization trend in Micro Electro Mechanical Systems (MEMS) have resulted in an unprecedented increase in heat loads that presents a great challenge to thermal engineers. Nanofluids show promise to meet these challenges.
Nanofluids, a name coined by Choi [1] , are liquidparticle laden mixtures consisting of solid nanoparticles, with sizes less than 100 nm, suspended in a liquid, with solid volume fractions typically less than 4%. Pioneer works of Masuda et al. [2] , Artus [3] , and Eastman [4] introduced the thermal conductivity enhancement of nanofluids to the scientific community. Since then a large number of experimental and theoretical studies have been published by numerous research groups from all over the globe. This new class of heat transfer fluids has shown several attractive characteristics including the possibility of obtaining large enhancements (up to 40%) in thermal conductivity compared with the base liquid [5] , strong temperature dependent effects [6] , reduced friction coefficient [7] , and significant increases (threefold) in critical heat flux [8] . Choi et al. [9] tested a carbon nanotube-in-oil nanofluid and reported a dramatic enhancement in the effective thermal conductivity of the nanofluid (factor of 2.5 at a volume fraction of 1%). Pak and Cho [10] studied the convective heat transfer coefficient of nanofluids in cylindrical tubes. They [10] used γ−Al 2 O 3 and TiO 2 nanoparticles in water and showed that the Nusselt number of the nanofluid is higher than the base fluid. Furthermore, a new class of heat exchangers (using nanofluids) are being developed for medical applications including cancer therapy [11] . In addition, due to the small size of nanoparticles and small volume fraction, problems such as sedimentation, clogging, abrasion, and increase in pressure drop become insignificant. Observed behavior in many cases cannot be explained via existing macroscopic models, indicating the need for new models that properly capture the features of nanofluids.
Presently, there are two methods for fabricating nanofluids:
• Two-step process in which nanoparticles are first produced as a dry powder, typically by an inert gascondensation method. The resulting nanoparticles are then dispersed into a fluid. This method may result in a large degree of nanoparticle agglomeration. On the other hand, the inert-gas condensation technique has already been scaled up to economically produce tonnage quantities of nanopowders [11] .
• Direct-evaporation technique [12] (single-step), synthesizes nanoparticles and disperses them into a fluid in a single step. A significant limitation to the application of this technique is that the liquid must have low vapor pressure, typically less than 1 torr. Also the quantities of nanofluids that can be produced via this directevaporation technique are much more limited than with the two-step method. Nanoparticle agglomeration is minimized as a result of flowing the liquid continuously. Moreover, nanofluids made using this method showed higher conductivity enhancement than the ones made by 2-step method.
Objectives
When the dimensions of a system are reduced to the nanoscale, the thermal conductivity of the material will decrease due to the boundary scattering of the phonon and/or electrons [13] . It is intuitive that the thermal conductivity of the nanoparticle suspension be lower than that of the large particle suspension. However, measured effective thermal conductivity of nanofluids show higher values than the values calculated by theoretical correlations such as Maxwell [14] and Hamilton-Crosser [15] even when the thermal conductivity of nano-sized particles are taken as a bulk value.
A long list of physical phenomena have been proposed for explaining the experimentally observed enhancement of effective thermal conductivity of nanofluids; including: the size and shape effects, agglomeration, clustering of particles, interfacial resistance, Brownian motion of nanoparticles resulting in micro-convection, phonon dispersion and liquid layering at the particle surface.
In this study, we focus only on the effective thermal conductivity of stationary nanofluids, i.e., in the absence of the bulk flow and/or forced or natural convection. The paper is divided into three major parts: i) reviewing the theoretical models, ii) experimental investigations in the open literature, and iii) developing upper/lower bounds for steadystate conduction in stationary nanofluids and comparing them with data. In the experimental part, important phenomena involved in the effective conductivity of nanofluids are discussed and the trends of the data reported are shown.
The objective of this paper is to provide an overview on the important physical phenomena involved in the effective thermal conductivity of nanofluids; and also show the level of scatter and complexity in the published data. The inconsistency seen in the data clearly shows the need for a systematic approach in both experimental and theoretical studies. It also illustrates that the development of a comprehensive model (that can explain all the trends) is a difficult task at the present time.
THEORETICAL MODELS
The existing models can be categorized more or less into two general groups [16] :
• Static models which assume stationary nanoparticles in the base fluid as a composite in which the thermal transport properties are predicted by conduction-based models such as Maxwell [14] and Hamilton-Crosser [15] , etc.
• Dynamic models based on the premise that nanoparticles have lateral, random motion in the fluid. This motion is believed to be responsible for transporting energy directly (e.g. through collision between nanoparticles) or indirectly (e.g. micro liquid convection, mixing) that enhances the transport of thermal energy.
The following provides a brief summary of theoretical models.
Using potential theory, Maxwell [14] developed the effective medium theory for non-contacting spherical particles:
where k * p = k p /k m and k * e = k e /k m . Maxwell's model is valid for relatively small volume fractions. This model has (2) where n = 3/ψ and ψ is the sphericity defined as the ratio of the surface area of a sphere, with a volume equal to that of the particle, to the surface area of the particle (ψ = 1 for sphere). The parameter n is 3 and 6 for spherical and cylindrical particles, respectively.
Yu and Choi [18; 19] modified the Maxwell and the Hamoilton-Crosser models for the effective thermal conductivity of solid/liquid suspensions to include the effect of solid layering. This approach postulates a solid-like layer of liquid on the nanoparticle surface which has a relatively high thermal conductivity compared to the liquid. It is known that liquid molecules close to a solid surface form layered, solid-like structures which may have much higher thermal conductivity compared to the bulk fluid. The existence of this solid layer leads to a larger effective volume fraction that can explain the thermal conductivity increase to a certain degree. Yu and Choi [18; 19] concluded that this ordered nanolayer may have an impact on nanofluid thermal conductivity when the particle diameter is less than 10 nm. However, in many cases, a very thick unrealistic solid liquid layer must be assumed to explain the observed enhancements which is unrealistic. Also, temperature dependence of the thermal conductivity of nanofluids cannot be explained by solid layering.
Interfacial thermal resistance exists at the surface interface of liquid and particles. For phonon-based conductors, the interfacial thermal resistance, also known as the Kapitza effect, can arise from differences in the phonon spectra of the two phases, and from scattering at the interface between the phases [11] . The Kapitza effect may be neglected for largegrain sized materials at room temperature. However, for nano-sized structures the interface resistance can play an important role in the overall heat transfer. This resistance will have a negative impact on the thermal conductivity of nanofluids.
In dynamic models, the Brownian motion [20] of the suspended nanoparticles is assumed to be responsible for the extra thermal conductivity enhancement. Based on Brownian motion theory, the random velocity of the particles is:
As can be seen in Eq. (3) the particle random velocity has a direct relationship with the square root of the temperature of the mixture and is inversely proportional to the size of the particles to the power 1.5. If the random velocity of the particles is assumed to be responsible for part of the thermal transport in nanofluids, Brownian motion acts in favor of the enhancement observed in nanofluids. The trends predicted by the Brownian motion are qualitatively consistent with the experimental observation in general, i.e., the smaller the size of the particle and the higher the temperature of the nanofluid, the higher the conductivity enhancement. Different ideas have been put forward to explain how Brownian motion contributes to thermal transport e.g., single particle motion, particle-particle collisions, and micro liquid convection [21; 22; 23] . The energy exchange in direct collisions of nanoparticles in nanofluids may result in an enhancement in the effective thermal conductivity. Moreover, thermal conductivity can be enhanced as a result of fluid movement (micro convection) caused by the Brownian motion of nanoparticles. These models, particularly micro convection, are questionable since they assume that the particles are at a temperature different from the liquid. No explanations have been given regarding the origin of this temperature difference. Keblinski et al. [24] (and later Prasher [25] ) investigated the effect of the Brownian motion on thermal conductivity of nanofluids and concluded that the thermal diffusion is much faster than Brownian diffusion even for extremely small particles.
Clustering of nanoparticle can result in creating lower thermal resistance paths in the suspension. However, clustering may lead to agglomeration of solids which in turn causes settling down of particles which has a negative effect of conductivity of the suspension. According to Keblinski et al. [24] , the percolation threshold for random dispersions is on the order of 15% volume fraction. This rules out the thermal conductivity enhancement of nanofluids in lower volume fractions (φ < 5%). Another possibility pointed out by [24] is the situation where particles are not in contact, but are within a specific distance (called liquid-mediated) allowing rapid heat flow between them.
Performing an order-of-magnitude analysis, Prasher [25] ruled out other possible mechanisms, and concluded that the convection caused by the Brownian motion is primarily responsible for the enhancement in the thermal conductivity of nanofluids. Prasher [25] , following Koo and Kleinstreuer [26] developed a convective-conductive model based on the convection caused by the Brownian motion of nanoparticles and showed good agreement with experimental data collected by others. His model [25] ; however, requires two fitting parameters which have relatively large ranges and must be known a priori.
Wang et al. [16] proposed a numerical model for evaluating the contribution of particle Brownian motion coupled with inter-particle electrostatic potential to the thermal energy transport in nanofluids. Their model predicts qualita-tively the trends of the conductivity dependences on particle size, volume fraction, and temperature. They [16] reported that two additional chemical factors, i.e., particle zeta potential and Debye screening length, have strong effects on the thermal conductivity of nanofluids.
In conclusion, the existing models can not predict the trends observed in nanofluids. The answer to the question: which phenomena is responsible for the conductivity enhancement in nanofluids, is still the focus of hot debates in the scientific community.
BOUNDS OF CONDUCTION
In this section upper and lower bounds for steady-state heat conduction in liquid-particle mixtures are developed and compared with data. Elrod [27] first introduced these bounds for systems in which conduction is the only mode of heat transfer. The bounds set the limits for the conduction heat transfer in the system. Therefore, the actual thermal conductivity lies between the bounds; often the geometric mean k geometric = √ k u k l of the bounds provides a good estimate of the effective thermal conductivity of the system.
The mixture is considered as a large number of cells that can be represented by a basic cell, i.e., a spherical particle in a cube, see Figs. 1 and 2. Thus, the mixture is modelled as identical particles dispersed throughout a continuous medium. Thermal conductivities of the particles and the base fluid are constant, isotropic k p and k m , respectively. The boundary conditions of the cell are determined from symmetry and are shown in Fig. 1 . The four faces of the cell parallel to the direction of heat flow are adiabatic. The other two faces are isothermal. Heat enters the cell from the top face and exits through the bottom boundary. 
Lower Bound: Parallel Adiabats
A lower bound for the effective conductivity of the basic cell can be established by assuming adiabats parallel to the direction of heat flow, see Fig. 1 . Usually particles have much higher thermal conductivities compared to base liquids, i.e., k p /k m >> 1, thus the thermal resistance of particles may be ignored. In other words, particles can be considered isothermal. This assumption may result in slightly higher values for the conduction bounds, but it will not effect our analysis since we want to establish the bounds for the effective conductivity. It is also a convenient assumption and simplifies the final results.
As shown in Fig. 1 , there are two parallel paths in which heat flows Q 1 and Q 2 are being transferred. For a particle of radius r p in a cubic cell with side dimension, 2a, after some algebra and normalizing, we find:
where ∆T = T 1 − T 2 ; φ * = r p /a can be related to the mixture volume fraction
Equation (4) has a closed form solution
The heat transfer through the base fluid can be found from
Combining Q 1 and Q 2 , the total heat transfer in the unit cell can be found. The effective lower bound for conduction becomes
Note that at the limit where φ * = 0 (no particles), Eq. (8) yields k * l = 1 as expected.
Upper Bound: Perpendicular Isotherms
An upper bound for the effective conductivity of the basic cell can be established by assuming isotherms perpendicular to the direction of heat flow through the cell, see Fig. 2 . With an approach similar to the lower bound, the upper bound on effective thermal conductivity for the unit cell can be found: where at the limit φ * = 0, Eq. (9) yields k * u = 1. Applying the same assumption, k p /k m >> 1, the Maxwell model, Eq.
(1) reduces to:
Note that the upper/lower bounds and the Maxwell's model are not sensitive to the conductivity ratio k * p = k p /k m when k * p is about 40 and higher; they approach the isothermal particle case which is being used in the analysis. If the bulk thermal conductivity values can be assumed for the nanoparticles, the thermal conductivity ratio is about 40 or higher for most of the nanofluid data.
Comparison with Data
Figures 3 to 6 show a comparison between Maxwell's model Eq. (10) and the upper/lower bounds of conduction, i.e., Eqs. (8) and (9) with experimental data. The data are collected from several sources and categorized based on the nanoparticle material and the base fluid which include CuO and Al 2 O 3 dispersed in ethylene glycol and water over a range of the volume fraction.
As can be seen in Eqs. (8), (9), and (10), the absolute size of the particles does not have a direct effect on the effective conductivity in conduction-based models; it appears in the volume fraction. However, the nanoparticle diameters (as reported) are listed in Figs. 3 to 6 to show the range of particle sizes used in the tests.
The data show a large scatter, with some level of conductivity enhancement when compared with the Maxwell's model. It is interesting to observe that all the data lies between the lower and upper bounds of conduction.
TRENDS IN EXPERIMENTAL DATA
Much experimental research has been performed to study the thermal conductivity enhancement of nanofluid mixtures including nanoparticles Cu, Fe, CuO, CeO 2 , Wang et al. [30] , dp=28 (nm)
Lee et al. [28] , dp=38.4 (nm)
Masuda et al. [2] , dp = 13 (nm) Xie et al. [32] , d p =60 (nm)
Das et al. [6] , T = 21'C, d p =38.4 (nm)
Das et al. [6] , T = 36'C, dp=38.4 (nm)
Das et al. [6] , T = 51'C, dp=38. Figure 6 . Aluminum oxide nanoparticles in water, data from various sources.
Al 2 O 3 , ZnO, TiO 2 in base fluids such as water, ethylene glycol and oils. The existing experimental data are collected and summarized in this section. Tables 1 and 2 list reference, particle material, particle size, volume fraction φ, base fluid and the maximum conductivity enhancement measured for nanofluids. We also included major findings and important trends reported by researchers in these Tables. For example, the second row of • The transient hot-wire (THW) method [29] which involves a wire suspended symmetrically in a liquid in a vertical cylindrical container. The wire serves as both a heating element and a temperature sensor. The THW method is fast and eliminates natural convection effects, this method has been used by a majority of researchers.
• The steady-state method (SSM), used by [30; 31] , is based on steady-state, one-dimensional heat transfer from an electrical heater to a cold plate through two calibrated heat flux meters. To avoid bulk fluid movement due to natural convection forces, the heat transfer direction should be from top to bottom of the sample.
In the following sub-sections, major trends observed in experimental studies are discussed and when possible the data are shown. 
Effect of Nanoparticles Material
Wang et al. [31] measured thermal conductivity of different nanoparticles including: Al 2 O 3 , ZnO, CuO, CeO 2 , Fe 2 O 3 suspended in transformer oil and ethylene glycol. A steady-state method was employed. They also did not use surfactant in their samples. Figure 7 shows comparison between the data of [31] and Maxwell's model and the upper/lower bounds. It is expected to see the highest conductivity enhancement for the nanoparticles which have the highest thermal conductivity (say CuO) and/or the smallest particle size, i.e., Fe 2 O 3 , see Table 1 . However, as shown in Fig. 7 , none of the above is true in [31] data. The highest enhancement belongs to ZnO nanoparticles which has the largest mean size of nanoparticles.
Eastman et al. [5] showed that higher thermal conductivity particles result in higher thermal enhancement of the suspension, i.e., the Cu-EG nanofluid had higher thermal conductivity enhancement compared to CuO-EG and Al 2 O 3 −EG nanofluids. It should be mentioned that Eastman et al. [5] employed a single-step procedure to fabricate their nanofluid samples.
Shape Effect
Murshed et al. [34] measured the effective thermal conductivity of rod-shapes 10 nm x 40 nm (diameter by length) and spherical shapes of 15 nm TiO 2 nanoparticles in deionized water. A transient hot-wire apparatus was used for the thermal conductivity measurements. As shown in Fig. 8 , the cylindrical particles presents a higher enhancement which is consistent with theoretical prediction, i.e., Hamilton-Crosser [15] model. Their experiments [34] also showed a nonlinear relationship between the thermal conductivity and volume fraction at lower volumetric loading (0.005-0.02) and a linear relationship at higher volumetric 
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Optimum sonic. time room T, prolate sph. loading (0.02-0.05). They attributed this trend to the influence of the CTAB surfactant and long time (8-10 hours) of sonication, and hydrophobic surface forces in the nanofluids.
Temperature Effect
Das et al. [6] measured effective thermal conductivities of Al 2 O 3 and CuO nanoparticles in water when the mixture temperature was varied between 21 to 51
• C. A temperature oscillation technique has been used for the conductivity measurements with a maximum error on the order of 7% at 50
• C. They reported a 2 to 4 fold thermal conductivity enhancement of nanofluids over a temperature range of 21
• C to 51 • C. Also it has been observed that nanofluids containing smaller CuO particles show more enhancement of conductivity with temperature, see Figs. 9 and 10.
Effect of Sonication Time
Kwak and Kim [37] studied the rheological properties and thermal conductivity enhancement of CuO-ethylene glycol nanofluids with particle size of 10-30 nm. Using Transmission Electron Microscopy (TEM) images, they observed that individual CuO particles have the shape of prolate spheroid of the aspect ratio of 3 and most of the particles are under aggregated states even after sonication for a prolonged period. To disperse particles, sonication was used with an ultrasound generator (20 kHz, 100W). It was found that if the duration of sonication is too long particles get coalesced again. To determine the optimum duration of sonication, they varied the duration from 1 to 30 hours and measured the average size of particles as shown in Fig. 11 . They concluded that the optimum duration time is 9 hours and the average value is approximately 60 nm.
Hong et al. [35] reported that the sonication (with high-powered pulses) results in an improvement in the effective thermal conductivity of nanofluid. Fe-ethylene glycol nanofluids were tested. Thermal conductivity of nanofluids were measured using a transient hot wire method. They measured thermal conductivity of nanofluids while changing the sonication time from 10 up to 70 mins. As shown in Fig. 12 , the thermal conductivity increases nonlinearly with the sonication time. 
Particle Size Effect
Xie at al. [32] also measured the effective thermal conductivity of nanofluids (Al 2 O 3 in ethylene glycol) with different nanoparticle sizes. They reported an almost linear increase in conductivity with the volume fraction, but the rates of the enhanced ratios to the volume fraction depend on the dispersed nanoparticles. They stated that the enhancements of the thermal conductivities are dependent on Specific Surface Area (SSA) and the mean free path of nanoparticles and the base fluid. Unexpectedly the data do not indicate the highest enhancement for the smallest size nanoparticles as it was expected, see Fig. 13 . Xie at al. [32] concluded that the conductivity enhancement is thoroughly different from the traditional suspensions with µm or mm size particles dispersed in a fluid. Figure 13 . Thermal conductivity enhancement in nanofluids with different particle sizes, data from Xie at al. [32] .
Other Effects
Xie et al. [32] experimentally studied the effect of the pH value of Al 2 O 3 nanoparticle in deionoized water. The nanofluid was prepared with a two-step method. The nanoparticles (Al 2 O 3 ) were deagglomerated by intensive ultrasonication after being mixed with a base fluid, and then the suspensions were homogenized by magnetic force agitation [32] . Xie Figure 14 . Enhanced thermal conductivity ratio decreases with increasing pH value, data from Xie et al. [32] .
There are other effects such as effect(s) of surfactants, Eastman et al. [5] used thioglycolic acid stabilizing agent and reported that the nanofluid samples which included the acidic agents showed improved enhancement comparing with nonacid-containing nanofluids. Particle surface treatment is also believed to have an impact on thermal conductivity of nanofluids.
SUMMARY AND CONCLUSIONS
The effective thermal conductivity of stationary nanofluids is studied. A comprehensive review is conducted and the theoretical models and experimental investigations in the open literature are collected and discussed. Our review on theoretical models indicates that a clear understanding of the main mechanism(s) involved in thermal transport phenomena in nanofluids is not established yet.
A review of experimental studies clearly shows a relatively large chaos and randomness in the published data. This requires a careful, repeatable, systematic approach to the thermal conductivity measurement and sample preparation. Only through collecting reliable data can a better understanding of the phenomena in nanofluids be possible. The following summarizes our observations:
• The data show a large scatter; however, they show some level of thermal conductivity enhancement when compared with existing models such as Maxwell's [14] .
• Assuming isothermal nanoparticles, we have developed upper/lower bounds for steady-state conduction in stationary nanofluids and compared these bounds with the data. The comparison indicates that the data lies between the bounds of conduction.
• All the tests performed at room temperature, except for Das et al. [6] and [33] in which the effect of temperature on thermal conductivity enhancement has been investigated • Except for Cu−EG nanofluids used by Eastman et al. [5] , where a single-step processed was used, the rest of nanofluids were made using a two-step method • There is no common trend in thermal conductivity enhancement with increasing the volume fraction. From conduction-based models, it is intuitively expected to see a linear increase in thermal conductivity with volume fraction. However; several groups reported a nonlinear trend, see Murshed et al. [34] , Hong et al. [35] , Wang et al. [36] , and Kim and Kwak [37] ( Table 2) • The effect of nanoparticle size on the effective conductivity is not consistent with data from different groups. The data of [31] and [32] show that there are no direct correlations between the particle size and the effective conductivity enhancement.
• The thermal conductivity of nanoparticles (bulk value)
do not seem to have a direct impact on the conductivity enhancement, see the data of [31] and [32] . On the other hand Eastman et al. [5] reported higher thermal conductivity particles results in higher thermal enhancement.
